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Background. To date, only mutations in CCR5 have been shown to confer resistance to human immunodeficiency
virus type 1 (HIV-1) infection, and these explain only a small fraction of the observed variability in HIV susceptibility.

Methods. We performed a meta-analysis between 2 independent European genomewide association studies,
each comparing HIV-1 seropositive cases with normal population controls known to be HIV uninfected, to identify
single-nucleotide polymorphisms (SNPs) associated with the HIV-1 acquisition phenotype. SNPs exhibiting
P < 1077 in this first stage underwent second-stage analysis in 2 independent US cohorts of European descent.

Results.  After the first stage, a single highly significant association was revealed for the chromosome 8 rs6996198
with HIV-1 acquisition and was replicated in both second-stage cohorts. Across the 4 groups, the rs6996198-T allele
was consistently associated with a significant reduced risk of HIV-1 infection, and the global meta-analysis reached
genomewide significance: Pypinea = 7.76 X 1078,

Conclusions. We provide strong evidence of association for a common variant with HIV-1 acquisition in
populations of European ancestry. This protective signal against HIV-1 infection is the first identified outside the
CCR5 nexus. First clues point to a potential functional role for a nearby candidate gene, CYP7BI, but this locus
warrants further investigation.

In the past few years, several genomewide association
studies (GWASs) have been conducted to identify
host genetic variants involved in control of human
immunodeficiency virus type 1 (HIV-1) load and in
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progression to AIDS [1-10]. Overall, these GWASs
emphasized the major role of the HLA chromosome 6
region, particularly the HCP5/HLA-B*57 152395029
signal [1-3, 5, 8], and the CXCR6 gene region [7].
These GWASs focused on viral load and disease pro-
gression, but genetic correlates of the HIV-1 acquisition
phenotype have met limited success: 2 recent GWASs
conducted in Malawi reported no significant deter-
minants of HIV infection [11, 12]. Looking for new
host factors correlated to HIV susceptibility is critical
because the only validated association to date is the
32 base-pair deletion in the CCR5 gene: only 1%—2%
of Europeans are homozygous for this mutation and
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exhibit a near-complete protection against infection by HIV-1
R5 strains [13, 14].

To identify additional genetic factors that might contribute to
HIV-1 acquisition, we performed a meta-analysis using GWAS
genotypic data from 2 European AIDS progression cohorts,
comparing each group of HIV-1-infected patients with un-
infected controls of the same ancestry [8, 15]. Next, we repli-
cated the association for the single-nucleotide polymorphism
(SNP) showing the smallest P value in the European meta-
analysis on 2 independent US cohorts of European ancestry.

MATERIALS AND METHODS

First-Stage Study Subjects

The criteria for subject inclusion in the 2 studies have been
described previously [6, 8, 15-17]; demographic characteristics
of the study groups are presented in Supplementary Table 1.
Each patient provided a written consent for study participation.
French Case and Control Groups

The Genomics of Resistance to Immunodeficiency Virus (GRIV)
cohort (n = 360) is composed of French HIV-1 seroprevalent
long-term nonprogressors (n = 275) and rapid progressors
(n = 85) [6, 8]. The normal population control group used for
comparison with GRIV subjects comprised 697 individuals
from the DESIR (Data from an Epidemiological Study on
Insulin Resistance syndrome) program, which was designed to
clarify the development of the insulin resistance syndrome
[16]. All subjects were nonobese, normoglycemic, French,
and HIV-1 seronegative.

Dutch Case and Control Groups

Four hundred seventeen Dutch HIV-1 seroconverter and sero-
prevalent subjects were enrolled in the Amsterdam Cohort Study
(ACS) [15] and compared with 376 HIV-1 seronegative in-
dividuals from the normal Dutch population [17]. The ACS is
a longitudinal study established to follow the course of HIV-1
infection in homosexual men and injection drug users.

Genotyping Method and Quality Control

All the HIV-1 infected subjects and the uninfected controls
were genotyped using the Illumina Infinium II Human-
Hap300 BeadChip. In each study, quality control filters (eg,
missingness, low minor allele frequency, Hardy-Weinberg
equilibrium deviation) were applied to ensure reliable geno-
typing data as previously described [8, 15]. Potential pop-
ulation stratification was also considered using the Eigenstrat
method [18] in a 2-step analysis. First, to confirm continental
ancestries, the genotypes of each participant group were
combined with the genotypes from the 3 HapMap reference
populations [19]. From the ACS group, 13 participants were
excluded from further analyses to avoid spurious associations
resulting from a non-European ancestry. Then, in each study
group of European descent, the top 2 most significant principal

components were identified and included as covariates in the
regression models described below.

Statistical Analysis
Individual GWAS
For each individual GWAS (French and Dutch), a case-control
analysis comparing the HIV-1 seropositive group with the
HIV-1 seronegative group was performed to identify SNP
association with HIV-1 acquisition. Logistic regressions using
a dominant genetic model were computed by including as
covariates the 2 principal components identified by the
Eigenstrat method.
Meta-analysis
The individual P values obtained in each study were combined to
provide a single probability value using the Fisher method [20].
For the meta-analysis results, a quantile-quantile plot and the
genomic inflation factor A [21] were computed in order to test
the normality of the P value distribution: neither suggested
a significant deviation from the null hypothesis (A = 1.02),
indicating little effect of stratification (Figure 14).
Multitesting
After quality control steps, a total of 269 962 autosomal SNPs
were identified in common between the 2 GWASs. The
Bonferroni correction was used to take multiple comparisons
into account, and SNPs with P < 1.85 X 10~ 7 were considered to
reach genomewide significance. For all the SNPs meeting the
statistical threshold, we checked for potential opposite effects
and assigned P = 1 if the odds ratios went in opposite directions.

Second-Stage Analysis

We performed a standard second-stage analysis to explore the
polymorphisms exhibiting P < 1077 in the discovery meta-
analysis for replication in 2 European American cohorts by
candidate SNP genotyping [22-24]. For each study group,
demographic characteristics are presented in Supplementary
Table 1.

US HIV-1 Natural History Study Groups

Three hundred thirty HIV-1-infected participants of European
descent were enrolled in 2 US multicenter, natural history HIV/
AIDS cohorts (San Francisco City Clinic [SFCC] study and
Multicenter Hemophilia Cohort Study [MHCS]) [25]. The
SECC group comprised seroconverter homosexual men origi-
nally enrolled in a hepatitis B study (n = 78). The MHCS group
was composed of seroconverter and seroprevalent persons with
hemophilia (n = 252). Each patient provided a written consent
for study participation.

Participants From the Longitudinal Studies of the Ocular
Complications of AIDS Cohort

Study subjects were 659 European American individuals en-
rolled in the Longitudinal Studies of the Ocular Complications
of AIDS (LSOCA) cohort [26-28]. The LSOCA is a multicenter,
prospective, observational study of persons with incident or
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Figure 1. A Quantile-quantile plot for expected (red) vs observed (black) P values from the meta-analysis between the French and Dutch case-control

comparisons. X-axis: —logg(expected P values under the null hypothesis); y-axis: —logg(observed P values). The genomic inflation factor was also
computed: A = 1.02. B, Distribution along the human autosomes of —logyg(Pvalues) obtained for the meta-analysis between the French and Dutch case-
control comparisons. The red line marks the Bonferroni threshold, and the dotted line marks the P < 107° cutoff for carrying the single-nucleotide

polymarphisms to the second stage.

prevalent cases of AIDS diagnosed according to the 1993
surveillance case definition of the Centers for Disease Control
and Prevention. Eligible patients included those with either
incident or prevalent cases of cytomegalovirus (CMV) retinitis,
as well as those without CMV retinitis. Each patient provided
written consent for study participation.

HIV-1 Seronegative Controls From the United States
Because HIV-1-seronegative controls with known exposure to
the virus were not available in the original discovery GWAS,
similar controls from the normal population were recruited
for the second-stage analysis for consistency in the replication

arm of the study. The control genotypes for the US study were
obtained from the Illumina Genotyping Control Database for
324 unrelated individuals of European ancestry who were
genotyped with HumanHap300 BeadChips (www.illumina.
com; downloaded in January 2008).

Candidate SNP Genotyping

For the US study groups, candidate SNP genotyping data was
obtained using commercial TagMan genotype assays (with assay
ID C_1929536_1; Applied Biosystems). Conformity to the
genotype frequencies expected under Hardy-Weinberg equi-
librium was checked.
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Control for Population Stratification

Genomewide data were available for the US combined MHCS-
SFCC group [10] and for the Illumina HIV seronegative group.
Potential population stratification was considered using the
Eigenstrat method in a 2-step analysis as described above.
Fourteen HIV-seropositive participants were thus excluded, and
the top 2 most significant principal components were identified
and included as covariates in the statistical analysis described
below.

Genomewide data were available only for 379 of 659 LSOCA
participants (57%) (data from E. Sezgin, M. L. van Natta, and
D. A. Jabs; manuscript in preparation). With the available data,
we checked the continental ancestry and confirmed that the
LSOCA individuals matched the HapMap group of European
descent (Supplementary Figure 1).

Statistical Analysis

Logistic regressions using a dominant genetic model were
computed to compare genotypic distribution between each case
group and the Illumina control subjects.

RESULTS

A total of 764 HIV-1-seropositive and 1073 HIV-1-seronegative
individuals of European descent were genotyped on whole-
genome arrays. HIV-1-infected participants were recruited from
2 independent cohorts: the French GRIV cohort (n = 360 HIV
positive vs 697 HIV negative) and the Dutch ACS (n = 404 HIV
positive vs 376 HIV negative). After quality-control steps,
269 962 autosomal SNPs with reliable genotypes were found in
common between both studies. These SNPs were tested for
association with HIV-1 acquisition in a meta-analysis com-
bining the individual P values obtained in each study. The
global distribution of resulting P values was close to the null
hypothesis (A = 1.02) (Figure 1A), indicating appropriate
control of stratification.

This meta-analysis did not reveal any signal respecting the
Bonferroni genomewide significance threshold (P esor
1.85 X 1077) (Figure 1B). We next did a second-stage analysis
in 2 independent cohorts for SNPs exhibiting a P value <10~>
in the discovery analysis: only the chromosome 8 rs6996198
fell below this threshold with P = 8.91 X 10~ ° (Figure 1B). This
association was independent of age, sex, and CCR5-432 variant
(which is not targeted by Illumina arrays but was previously
genotyped in both cohorts) when added as covariates in the
regression models (data not shown). Similarly, mode of HIV-1
transmission (mucosal or parenteral) does not seem to impact
the signal because rs6996198-T frequency was similar in every
HIV-infected subgroup (heterosexual contact, homosexual
contact, or injecting drug use). Importantly, rs6996198 was
not associated with AIDS progression in the ACS sero-
converter cohort, and the T allele was not underrepresented in
the large rapid progressor subgroup from the GRIV cohort.

This observation suggests no survival bias and no influence on
rapid AIDS progression.

By comparing the HIV-1 infected European Americans from
the US HIV-1 combined study (n = 316) and the LSOCA
(n = 659) cohort with the Illumina European American control
group (n = 324), the signal was replicated in both cohorts:
P =177 X 10" *and P = 2.80 X 10, respectively (Figure 2).
Opverall, the combined P value computed by the Fisher method
between the 4 cohorts (GRIV, ACS, US HIV-1, and LSOCA)
reached the Bonferroni genomewide significance threshold:
Poombined = 7.76 X 10~ (Table 1 and Figure 2).

The 1rs6996198 TT+TC (T dominant) frequency is consis-
tently lower in the HIV-1 positive groups compared with the
normal control groups for each study: French GRIV HIV
positive (25.99%) vs French HIV-1 seronegative controls
(33.29%); Dutch ACS HIV positive (24.26%) vs Dutch HIV-1
seronegative controls (36.97%); US combined cohorts HIV pos-
itive (24.68%) and LSOCA HIV positive (22.91%) vs Illumina
controls (31.79%), respectively (Figure 2). By examination of the
genotype distribution, most of the rs6996198 protective effect
appears to be driven by a depletion of heterozygotes in the
HIV-1-infected case groups, indicating that the carriers of the
T allele are significantly less likely to acquire HIV infection
(Supplementary Table 2); dominant is the best genetic model
to fit the data. As a confirmation of the frequencies observed
in our control groups, we checked the frequency for European
descent populations in the following public databases:
HapMap (27.70%, n = 65 and 30.69%, n = 101 for the
European American CEU and the Italian TSI, respectively),
the 1000 Genomes Project (31.80%, n = 283), and the Human
Genome Diversity Project (31.71%, n = 246).

The 156996198 T>C polymorphism is located 29.4 kb up-
stream from the BHLHE22 gene and 45.2 kb downstream from
the CYP7BI1 gene. We could not find any other SNP in strong
linkage disequilibrium (> =0.8) in HapMap for the European
population. Interestingly, according to the Genevar messenger
RNA expression database [29], the rs6996198-T allele is asso-
ciated with higher CYP7BI gene expression (P = 5 X 107°) in
the HapMap European adult child population.

As was done by Petrovski et al [12], we performed an addi-
tional subset analysis on the genomewide meta-analysis data by
focusing on 22 candidate genes previously reported as associated
with HIV-1 susceptibility. For each gene, we reported the can-
didate SNP, when possible, or otherwise the best available proxy
in the European population (based on the CEU HapMap pop-
ulation with 7 > 0.8). We also provided the lowest P value
observed within each candidate gene or the 2 kb flanking re-
gions. Finally, we corrected the P value for the number of SNPs
tested in the corresponding gene and for all SNPs tested in this
subset analysis (Supplementary Table 3). We could not examine
any single variant within 4 genes (APOBEC3G, CCR5, CD209,
and PPIA). For the 18 remaining genes, we were able to directly
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Figure 2. Overall study design and results from each stage. In the first stage, a meta-analysis was performed between the French Genomics of
Resistance to Immunodeficiency Virus (white) and the Dutch Amsterdam Cohort Study (light gray) case-control studies; this analysis identified a single
single-nucleotide polymorphism (SNP), rs6996198, below the P < 10™° cutoff for carrying SNPs to the next stage. In the second stage, the rs6996198
association was replicated in 2 independent cohorts of European Americans (dark gray): the US HIV-1 combined study (*) and the Longitudinal Studies of
the Ocular Complications of AIDS (#) cohort. Both case groups were compared with a control group from the lllumina Genotyping Control Database.

test 6 previously reported SNPs and found a good proxy for
7 additional SNPs. Of these 13 SNPs, only ABCBI-rs1045642
and IL10-rs1800896 exhibited a P value <.05 in our discovery
meta-analysis (P = 1.44 X 1072 and P = 3.40 X 10772 re-
spectively), but both signals were tracked only by the GRIV
cohort; the P value remained nonsignificant in ACS. In addition

to these 2 genes, CCL7 also displayed an SNP with P < .05
(P = 2.53 X 107?), but the signal was only allocated to ACS.
After correcting for the number of SNPs per gene, only the
CCL7 variant remains significant (corrected for only 1 SNP),
but this signal disappeared (P = .18) when correcting for all
73 SNPs tested across the 22 candidate genes. For the genes in

Table 1. Association® of rs6996198T Genotypes (TT and TC) With HIV Acquisition
HIV-Positive Subjects HIV-Negative Controls
Study No. (%) No. (%) P Value OR 95% ClI
Stage 1
France GRIV 360 (25.99) 697 (33.29) 7.59 X 1072 0.70 .52-.94
Netherlands ACS 404 (24.26) 376 (36.97) 7.65 X 107° 0.55 40-.75
1st meta-analysis 764 1073 8.91 x 10°°
Stage 2
United States Combined® 316 (24.68) 324 (31.79) 1.77 X 1072 0.68 47-.98
LSOCA 659 (22.91) 324 (31.79) 2.80 X 1072 0.64 47-.87
2nd meta-analysis 1739 1397 7.76 X 1078

Abbreviations: ACS, Amsterdam Cohort Study; Cl, confidence interval; GRIV, Genomics of Resistance to Immunodeficiency Virus; HIV, human immunodeficiency
virus; LSOCA, Longitudinal Studies of the Ocular Complications of AIDS; OR, odds ratio.

@ Frequency (%), P value, and OR for the dominant genetic model; meta-analysis P value using Fisher's method.
® Participants enrolled in the Multicenter Hemophilia Cohort Study and the San Francisco City Clinic study.
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which the originally reported variant was not covered by our
genotyping arrays, failure to find a significant signal does not
mean there is no association. For the others, failure to repli-
cate the initial signal could stem from a power issue (either in
the original study or in ours), from differences in population
ancestry, or from a false-positive or false-negative signal.

DISCUSSION

In this study, we focused on the HIV-1 acquisition pheno-
type, a phenotype not yet investigated for Europeans by
GWAS. The comparison of HIV-1 seropositive cases with
HIV-1 seronegative controls in a 2-stage meta-analysis be-
tween 4 independent cohorts of European ancestry revealed
a genomewide significant signal for the chromosome 8
156996198 (Peompinea = 7.76 X 10~ %), Each independent study
group steadily showed a nominally statistical significance and
a similar pattern in direction of effect: The rs6996198-T allele
was associated with reduced risk of HIV-1 infection.

A major limitation of GWAS is that in an effort to avoid
false-positive associations, false-negative associations may be
inflated; the extremely low P values needed to achieve ge-
nomewide significance make it unlikely that small or modest
effect size associations will be detected without very large
sample numbers. In this study, we applied a meta-analysis
approach to genotypic data from 2 independent European
AIDS GWASs to identify a single noteworthy SNP that ap-
proached but did not reach genomewide significance; this
SNP was moved forward for replication and found to be
statistically significant in both US studies. A second meta-
analysis on the 4 groups reached genomewide statistical sig-
nificance. Importantly, this study is the first to use a 2-step
meta-analysis for gene discovery study and to identify a com-
mon variant associated with HIV-1 infection that is not in
a gene encoding a chemokine receptor or ligand. The consis-
tency in direction and effect sizes (odds ratio between 0.55 and
0.70) among the 4 independent case-control groups limits the
risk of propagating a false-positive association and strongly
implicates the region on chromosome 8 as having a role in
HIV-1 acquisition.

A limitation of our study is the absence of data on HIV-1
exposure risk in our control groups. By including individuals
who have probably never been exposed to the virus in our
control groups, our design reduces power for discovering ge-
netic factors associated with HIV-1 acquisition and possibly
inflates false-negative signals. The constancy in replication and
the observation of similar allele frequencies among sub-
groups infected by a different transmission mode (hetero-
sexual contact, homosexual contact, injection drug use, blood
transfusion) reduce the risk of propagating a false positive
signal. Nevertheless, additional genetic studies will be necessary
to securely confirm the association with rs6996198—especially

by using control groups with known data on exposure risk—
and to identify functional, causal sequence variation.

Although the rs6996198 SNP was targeted by genotyping
arrays used in the 2 recent GWASs focusing on HIV-1 ac-
quisition [11, 12], none of them identified a strong signal for
this variant. Several differences between these studies and
ours could explain why the rs6996198 association was not
previously emphasized: (1) study design (Joubert et al and
Petrovski et al focused on mother-to-child transmission and
sexual transmission, respectively [11, 12]); (2) sample size and
power—both studies were smaller than our discovery meta-
analysis and may not have been powered to detect a modest
association with odds ratios between 0.55 and 0.70 (100 HIV
positive vs 126 HIV negative, and 531 HIV positive vs 848 HIV
negative); (3) continental ancestry (both previous studies were
conducted on Africans from Malawi whereas ours comprised
Europeans). The differences in SNP frequency across pop-
ulations from different ancestries exemplify this last point:
approximately 47% for African populations vs approximately
31% for European populations according to the public data-
bases (HapMap, 1000 Genomes Project, and Human Genome
Diversity Project). The difficulty in identifying associations
with HIV-1 susceptibility could stem from the involvement of
complex interactions between genetic and/or environmental
factors, weak signals undetectable without a highly powered
study, or rare or common polymorphisms not targeted by the
arrays.

Neither of the adjacent genes to 156996198 was identified by
the previous whole-genome RNA interference screens designed
to identify intracellular HIV-dependency factors essential for
viral replication [30-33]. Although all nearby genes are viable
candidates for harboring a causal allele, rs6996198 is in strong
linkage disequilibrium with no known SNP. The rs6996198-T
allele was previously associated with higher CYP7BI tran-
scription levels. CYP7BI encodes a cytochrome P450 enzyme
catalyzing hydroxylation of several steroids and oxysterols,
especially in the liver, brain, and reproductive tract. CYP7BI
variants have been associated with liver failure in infants, with
prostate and ovarian abnormalities, and with spastic paraplegia
type 5, a neurodegenerative disease (for a review, see [34]).
Interestingly, CYP7B1 is also involved in immune control and
regulation. Stimulation of macrophage Toll-like receptors induces
secretion of 25-hydroxycholesterol, which in turn suppresses
immunoglobulin A (IgA) production [35, 36]. Mice knocked-out
for Cyp7bl, which metabolizes 25-hydroxycholesterol in mice
and humans, display increased levels of 25-hydroxycholesterol
and low IgA levels in serum, lung, and mucosa [35]. A role in
the induction of programmed cell death has also been at-
tributed to 25-hydroxycholesterol [37-39]. Proinflammatory
cytokines (eg, tumor necrosis factor o, interleukin 1f) re-
leased by activated immune cells induce CYP7B1 expression
and activity in mice lungs [40] and human joints [41], which
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could contribute to maintaining inflammation. The rs6996198-
T allele, which is correlated to upregulation of CYP7BI ex-
pression, is more frequent in controls than in seropositive
subjects and may potentially lead to higher levels of IgA, to
a bypass of programmed cell death, and to support of the
inflammatory state. How decreased levels of CYP7B1 may
prevent HIV infection is unknown. Before any definitive
conclusions, this newly identified SNP and surrounding re-
gion on chromosome 8 will require further analyses in other
HIV cohort studies to securely confirm the association and
to investigate the potential functional role for CYP7BI or
a neighboring gene in HIV acquisition.

In summary, this work confirms the power of meta-analysis
to detect new associations of small to medium effect size with
complex diseases and underlines the utility of international
collaborative efforts to exploit existing GWAS and phenotypic
data for genes associated with HIV susceptibility beyond the
CCR5 nexus. These efforts are critical to improve the un-
derstanding of AIDS pathogenesis and identify genes and
pathways for therapeutic or preventive interventions.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http://www.oxfordjournals.org/our_journals/jid/). Supplementary
materials consist of data provided by the author that are published to benefit
the reader. The posted materials are not copyedited. The contents of all
supplementary data are the sole responsibility of the authors. Questions or
messages regarding errors should be addressed to the author.
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